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ABSTRACT 
 
Fiber optical sensors have played an important role in applications for 
monitoring the health of civil infrastructures, such as bridges, oil rigs, and railroads. 
Due to the reduction in cost of fiber-optic components and systems, fiber optical 
sensors have been studied extensively for their higher sensitivity, precision and 
immunity to electrical interference compared to their electrical counterparts. A fiber 
Bragg grating (FBG) strain sensor has been employed for this study to detect and 
distinguish normal and lateral loads on rail tracks.  
A theoretical analysis of the relationship between strain and displacement under 
vertical and horizontal strains on an aluminum beam has been performed, and the 
results are in excellent agreement with the measured strain data. Then a single FBG 
sensor system with erbium-doped fiber amplifier broadband source has been 
carried out. Force and temperature applied on the system have resulted in changes 
of 0.05 nm per 50 με and 0.094 nm per 10 oC at the center wavelength of the FBG. 
Furthermore, a low cost fiber-optic sensor system with a distributed feedback (DFB) 
laser as the light source has been implemented. We show that it has superior noise 
and sensitivity performances compared to strain gauge sensors.  
The design has been extended to accommodate multiple sensors with negligible 
cross talk. When two cascaded sensors on a rail track section are tested, strain 
readings of the sensor 20 inches away from the position of applied force decay to 
one seventh of the data of the sensor at the applied force location. The two FBG 
sensor systems can detect 1 ton of vertical load with a square wave pattern and  
0.1 ton of lateral loads (3 tons and 0.5 ton, respectively, for strain gauges). 
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Moreover, a single FBG sensor has been found capable of detecting and 
distinguishing lateral and normal strains applied at different frequencies. FBG 
sensors are promising alternatives to electrical sensors for their high sensitivity, 
ease of installation, and immunity to electromagnetic interferences.  
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CHAPTER 1 
 
INTRODUCTION 
 
1.1  Motivation and Overview 
 
  Optical fiber communication has revolutionized the telecommunication 
industry, becoming the most commonly used and most efficient means for 
long-distance high-speed data transmission and communication. Much of this can 
be attributed to the almost-ideal characteristics of optical fibers, such as low 
transmission loss and low optical nonlinearity [1], and the inventions of 
wavelength tunable semiconductor lasers and erbium-doped fiber amplifiers in the 
1.55 μm wavelength window. Fiber optical sensors have also been developed for 
applications in civil infrastructure, such as bridges and oil rigs, to monitor the 
health of these structures [2]. Since the reduction in cost of fiber-optic systems, 
structural integration of fiber-optic sensor systems has been extensively studied 
because of their numerous advantages over their electrical counterparts. As 
compared to conventional electrical sensors for health monitoring, fiber sensors 
provide a more sensitive, more precise solution that can be discretely embedded 
into most structures – even robotic fingertips and devices for detecting DNA 
hybridization [3, 4].  
  One application of particular interest is the health monitoring of railways. It is 
desirable to be able to detect and quantify the amount of strain experienced by a 
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rail when a train passes by. This is useful for the prevention and prediction of 
possible derailments. Current applications of optical sensors for railroads include 
velocity measurements, broken rail detection, and temperature tracking [5,6]. 
Other possible future applications include passenger load tracking, railcar wheel 
impact load detection (WILD, [7]), train location tracking, and estimating the time 
of arrival.  
  The major advantages of using optical sensors over piezoelectric sensors 
(strain gauges) include electromagnetic interference immunity (EMI), low loss, 
the ability to multiplex many sensors into a single array, and reusability [8].  
  Perhaps we can say that one of the most important features of optical fibers, 
which has contributed to their importance in sensor systems, is photosensitivity; 
discovered by Hill et al. in 1987, the refractive index of fibers can be altered by 
exposing the bare fiber core to ultraviolet (UV) light [9,10]. Utilizing this 
characteristic, the transmitted/reflected spectrum can be altered (by changing the 
refractive index) to meet different needs. An important type of fiber sensor, known 
as fiber Bragg grating (FBG), is based on Bragg gratings. FBG is a fiber that 
contains periodic perturbations of refractive index in its core by exposure to 
intense UV patterns. The periodic perturbation period is affected by strain, 
temperature and tensile or compressive forces. Furthermore, fiber Bragg gratings 
are now commercially available at a relatively low price, making them ideal 
sensors for monitoring infrastructure health.  
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Figure 1.1 Spectral behavior of broadband light through a fiber with Bragg gratings 
(modified from [11]).  
 
1.2  Principles of Operation of Fiber Bragg Grating Sensors 
 
   Fiber Bragg gratings contain periodic perturbations “printed” onto the core of 
a glass fiber by a high intensity UV light interference pattern. The gratings will 
form reflections that result in changes in spectral behavior and the reflected 
wavelengths are related to the period/spacing between gratings by Eq. (1.1). 
 2B effnλ = Λ                          (1.1) 
where effn  is the effective index of refraction, Λ is the grating spacing, and Bλ  
is the reflected wavelength – known as the Bragg wavelength. Figure 1.1 
illustrates the spectral behavior; when a broadband light source is passed through 
an FBG, a narrow band will be reflected back while others are transmitted. The 
reflected wavelength is governed by the grating spacing, as described in Eq. (1.1).  
  Strain shifts the Bragg wavelength through mechanically compressing or 
lengthening the grating periods and thus changes the effective index at that 
portion of the fiber. Equation (1.2) gives the amount of wavelength shifts in 
relation to longitudinal and transverse strains, ,l tε ε , photo-elastic tensor 
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components, 12 11,p p , and the refractive index, n . 
( )2 11 122B l t l tB
n p pδλ ε ε ε ελ ⎡ ⎤= − + +⎣ ⎦           (1.2) 
If the strain is isotropic and homogeneous, then Eq. (1.2) can be simplified to  
( )1B e
B
pλ ελ
Δ = −                        (1.3) 
and     
( )2 12 11 122effe
n
p p p pν⎡ ⎤= − +⎣ ⎦                   (1.4) 
where ν  is the Poisson’s ratio.  
  Another characteristic that can be detected by an FBG is temperature, thanks 
to the fiber’s thermo-optic effect, and the thermal response around 1500 nm is 
0.01 oC/nm [2]. Combining the thermal and strain effects on wavelength shift, we 
can obtain the simple linear relationship 
B
s TC C T
λ ελ
Δ⎡ ⎤ = + Δ⎢ ⎥⎣ ⎦                     (1.5) 
where sC  and TC  are constants. The dual sensitivity for temperature and strain 
makes FBG an ideal candidate for applications in sensors. A practical system to be 
used in the field, however, will require a method for calibrating out temperature 
effects. There have been extensive studies on how this can be achieved [11], but 
this is not a topic for discussion in this work. 
 
1.3  Fabrication Techniques for Fiber Bragg Gratings 
 
  The periodic structure of change in refractive index in FBGs is created by 
exposing photosensitive glass fibers to UV light. This can be achieved in many 
ways. Early works include internal wiring using an intense argon laser beam 
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launched into germanium-doped fiber, and a transverse holographic method in 
which two interfering beams are controlled to produce a periodic interference 
pattern that corresponds to the periodic index in the core of the optical fiber [8, 
12]. The angle between the UV light beams determines the period of the Bragg 
grating and the two lenses (as shown in Fig. 1.2) can be moved around to create 
this difference in periodicity of light printed on the fiber core [13]. This technique 
allows Bragg gratings to be imprinted in the fiber core without removing the 
cladding layer.  
  The fabrication method more often used nowadays for its simplicity compared 
to the holographic technique is called phase masking [2, 14, 15]. This method, 
shown in Fig. 1.3, uses a periodic photomask placed above the fiber and then 
exposed to UV light. A conventional photomask has a transparent plate and certain 
(periodic) regions covered with materials opaque to UV light. To achieve better 
resolution, the transparent plate may be made to have different thicknesses that 
induce phase shifts in the UV light shone at the mask. This phase-shifted light has 
the effect of improving the contrast if the thickness variations are chosen suitably. 
Thus better resolution can be achieved at a lower cost than the transverse 
holographic method [14]. 
  These methods are generally used for creating uniform FBGs. Nonperiodic 
phase mask, point-by-point techniques, and other techniques such as infrared 
beam exposure can be used to generate nonuniform and long-period Bragg 
gratings [16, 17]. Complexity in fabrication of nonuniform FBGs often increases 
their cost. Therefore, this work focuses on uniform FBGs because of their linear 
behavior and cost-effectiveness.  
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Figure 1.2 Two-beam interferometer system for writing periodic gratings on fibers [13]. 
 
 
Figure 1.3 Phase mask technique for fabricating fiber Bragg gratings [8]. 
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1.4  Multiplexing Methods 
 
  In order to monitor the infrastructure performance efficiently, it is desirable to 
cascade tens of sensors in an array on one single optical path that is interrogated 
by accessing only one end of the fiber. General multiplexing techniques include 
wavelength division multiplexing (WDM), space division multiplexing, frequency 
division multiplexing, and time division multiplexing (TDM), or a combination of 
two multiplexing methods. The two most common methods are WDM and TDM.  
  For WDM systems, highly reflective FBGs in separated wavelength windows 
are required. Figure 1.4 (top) shows an example of a WDM system. The amount 
of strain or temperature change is quantified by measuring the amount of 
wavelength shift of each sensor in the reflected spectrum. Since the FBG sensors 
have to be in distinct wavelength windows, the bandwidth of the light source 
limits the number of cascaded sensors in the system and typically this number is 
around 40 [7].  
  The bottom picture in Fig. 1.4 illustrates an example of a TDM system. A 
TDM system uses a narrow optical pulse as the light source and an array of FBG 
sensors within the same wavelength window and of low reflectivity. Each sensor 
is distinguished by measuring the difference between the signal leaving and 
coming back to the interrogation system. In general, a WDM system provides 
better signal-to-noise ratio, is easier to implement and has more potential for 
economical system designs; therefore, it was chosen as the focus of this work. 
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Figure 1.4 Multiplexing techniques for multiple sensor system integration. (Top) WDM and 
(bottom) TDM method [7] 
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CHAPTER 2 
 
THEORETICAL ANALYSIS FOR STRAIN AND 
DISPLACEMENT UNDER VERTICAL AND LATERAL 
FORCES 
 
   In this chapter, a model for the relations among stress, strain and displacement 
of the rail under normal and lateral impact loading is developed. The theoretical 
results of the model are compared to the measured data using a strain gauge in our 
laboratory setup. The setup of the strain gauge and measurements are detailed in 
Appendix A. Our model can be used (1) to provide a basis for analyzing and 
quantifying the strain experienced by the aluminum and steel rail track in the 
vertical and horizontal directions; (2) to obtain the external forces from the 
measured strain; and (3) to determine the displacements (deflections) of the track 
under normal and lateral forces. 
 
2.1  Rail Track Model Definition 
 
   There are many variations in size, shape and materials of rail tracks. Thus, for 
the derivations in this chapter, a simple rectangular beam is examined. The 
resultant general equations may be conveniently used for different rail track 
structures by changing the geometry, the position of the neutral axis, Young’s 
modulus and Poisson’s ratio.  
  Rail tracks are fixed on wooden sleepers that are placed on a pavement of 
pebbles or are set on concrete ground. To simplify the analysis, a cross section of  
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Figure 2.1 Rectangular beam we use to model rail track with vertical and lateral forces. 
 
rail between two sleepers is modeled. Figure 2.1 shows a beam with its width (W), 
length (L) and height (H) in the x, y and z directions, respectively. Forces are 
applied at a distance a from the y-axis’ origin, and the distance between two 
sleeper fixtures is L. There are two forces of interest for the railway sensor 
system – normal and lateral forces. Since the magnitudes of these forces are not 
expected to cause major deformations in the stiff steel track, it is assumed that the 
deformations are within the linear region in this analysis. Since the deformations 
are linear, the superposition principle can be applied when computing the total 
strain acting on the rail track. The effects of each force component on the 
rectangular beam were analyzed separately, then added together to compute the 
total strain.  
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Figure 2.2 Free body diagram of the track model under applied normal force.  
 
2.2  Vertical Force and Strain Relationship 
 
  For a vertical loading on the track, bending effects are expected to be 
dominant. Figure 2.1 shows that the vertical force (denoted hereafter as F1) is 
applied at a distance a away from one sleeper and a distance b from the other 
sleeper; i.e., normal force is applied at y = a on the top of the beam. Since the 
beam is stationary, the net force and net moment of the whole system have to sum 
to zero. Thus the forces acting on the track from the wooden sleepers can be 
obtained. If we look at the z-y plane of the beam in Fig. 2.1 and consider only 
external force in the –z direction, F1, we can see that the forces at y = 0 and y = L 
have to be in the +z direction and balance out F1. Therefore, we have 
( ) 10y
bF F
L=
=                             (2.1) 
( ) 1y L
aF F
L=
=                             (2.2) 
Figure 2.2 shows the sliced free body diagram to compute the two forces resultant 
from sleeper fixtures. Shear force, Vz, and momentum, Mx, due to F1 are present at 
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the cut-plane and they are shown in the equations below [1].  
1
1
0
z
b F y a
LV
a F a y L
L
⎧ ≤ <⎪⎪= ⎨⎪− ≤ ≤⎪⎩
          
  
       
                               (2.3) 
1
1
0
(1 )
x
b F y y a
LM
y aF a y L
L
⎧ − ≤ <⎪⎪= ⎨⎪ − ≤ ≤⎪⎩
          
  
       
                          (2.4) 
The stress due to this bending is given by  
x
yy
xx
M z
I
σ =                                (2.5) 
where Ixx is the moment of inertia defined as  
2
xx
A
I z dA= ∫                               (2.6) 
Therefore, the stress due to normal force, F1, as a function of position of force 
applied is given by 
1
1
0
(1 )
xx
yy
xx
b F yz y a
I L
aF yy a y L
L I
σ
⎧− ≤ <⎪⎪= ⎨⎪ − ≤ ≤⎪⎩
          
  
       
                    (2.7) 
since bending only results in yyσ , xxσ  and zzσ  being zero. In order to obtain 
strain from stress, we need to take into account Poisson’s effect. This is because 
when a deformable body is subjected to an axial force, for instance tensile force, 
the object will elongate but also contracts laterally. Taking the Poisson’s effect for 
an isotropic material (metal) into account, the general relations between strain and 
stress can be expressed as 
( )1xx xx yy zzEε σ ν σ σ⎡ ⎤= − +⎣ ⎦                       (2.8a) 
( )1yy yy zz xxEε σ ν σ σ⎡ ⎤= − +⎣ ⎦                       (2.8b) 
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( )1zz zz xx yyEε σ ν σ σ⎡ ⎤= − +⎣ ⎦                       (2.8c) 
 
where E  is Young’s modulus and ν  is the Poisson ratio. For steel, ν  is 0.3 
and for aluminum, ν  is 0.310 [1]. Since we mentioned that xxσ  and zzσ  are 
zero, Eq. (2.8) simplifies to  
1
xx yyE
ε νσ⎡ ⎤= − ⎣ ⎦                         (2.9a) 
1
yy yyE
ε σ⎡ ⎤= ⎣ ⎦                           (2.9b) 
1
zz yyE
ε νσ⎡ ⎤= − ⎣ ⎦                          (2.9c) 
Using Eqs. (2.7) and (2.9), we can obtain a set of equations for strain due to 
normal force as shown below: 
For 0 y a≤ <  
1( , , )xx
xx
bFx y z v xy
EI L
ε =                          (2.10a) 
1( , , )yy
xx
bFx y z xy
EI L
ε = −                        (2.10b) 
1( , , )zz
xx
bFx y z v xy
EI L
ε =                          (2.10c) 
And for a y L≤ ≤  
( )1( , , )xx
xx
F ax y z v L y x
EI L
ε = −                  (2.11a) 
( )1( , , )yy
xx
F ax y z L y x
EI L
ε = − −                  (2.11b) 
( )1( , , )zz
xx
F ax y z v L y x
EI L
ε = −                  (2.11c) 
Equations (2.10) and (2.11) are general equations, which allow us to calculate the 
strain values in terms of all known variables of a rectangular beam. This model 
can be extended to accommodate different shapes and materials of rail tracks, and  
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Figure 2.3 Free body diagram of the track model under applied lateral force. 
 
this will be covered in Section 2.4. 
 
2.3  Lateral Force and Strain Relationship 
 
   Similar to vertical loading, when the rail track section is exposed to lateral 
force, we expect to see bending effects. Nevertheless, since the rail track has the 
bottom two ends fixed, we also expect to see deformations due to torsion. Figure 
2.3 illustrates the free body diagram of two cut sections of the rail with bending 
forces and torsion. Torsion for a rectangular beam can be characterized by  
 max 3
4.81T
a
τ =                            (2.12) 
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4
7.10TL
a G
φ =                             (2.13) 
where G is the shear modulus. Since our fiber Bragg grating sensor system is 
designed to measure normal strain only, we can neglect torsion in our analysis 
since torsion leads to shear strain and not normal strain. 
  The analysis for bending effects is analogous to the vertical loading case 
except that, for lateral loading, the stress is due to bending caused by the lateral 
force and is given by  
z
yy
zz
M x
I
σ =                            (2.14) 
where  
2
zz
A
I x dA= ∫                              (2.15) 
Note that z here indicates the distance from the z-direction neutral axis. If we 
follow the same procedures as in Section 2.2, we obtain the following equations 
for strain:  
 2( , , )xx
yy
bFx y z v xy
EI L
ε =                        (2.16a) 
2( , , )yy
yy
bFx y z xy
EI L
ε = −                        (2.16b) 
2( , , )zz
yy
bFx y z v xy
EI L
ε =                        (2.16c) 
  Yet, since we cannot place a sensor on the x-z cut plane (cross section plane of 
this section) for the real track, we are not particularly interested in xxε . Since the 
deformations are small, and thus assumed to be linear, summing up the results 
from Sections 2.2 and 2.3 gives the total strain on the rectangular beam.  
1 2
xx zz
xx zz
F Fbv xy
EL I I
ε ε ⎛ ⎞= = +⎜ ⎟⎝ ⎠                  (2.17a) 
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1 2
yy
xx zz
F Fb xy
EL I I
ε ⎛ ⎞= − +⎜ ⎟⎝ ⎠                     (2.17b) 
  The amount of deflection in the beam, u, is also an important issue since we 
would like to be able to track the deformed rails to prevent accidents. The amount 
of deflection is dependent on the internal momentum as a function of position. For 
normal and lateral forces, the deflections, ux and uz, are related to the internal 
moment, Mx and Mz, by  
( ) ( ) 22
2
2
1           0
1 1        
zzx z
zz
zz
b F y y a
EI Ld u y M y
dy EI y aF a y L
EI L
⎧ ⎛ ⎞ ≤ <⎜ ⎟⎪ ⎝ ⎠⎪= = ⎨ − ⎛ ⎞⎪ − ≤ ≤⎜ ⎟⎪ ⎝ ⎠⎩
         (2.18) 
( ) ( ) 12
2
1
1           0
1 1        
xxz x
xx
xx
b F y y a
EI Ld u y M y
dy EI y aF a y L
EI L
⎧ −⎛ ⎞ ≤ <⎜ ⎟⎪ ⎝ ⎠⎪= = ⎨ ⎛ ⎞⎪ − ≤ ≤⎜ ⎟⎪ ⎝ ⎠⎩
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After integrating once with respect to y we obtain  
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Then integrating again we obtain the deflections of the beams as  
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From the two integrations, we have eight unknown coefficients, C1, C2, D1, D2, G1, 
G2, H1, and H2. They can be determined from the boundary conditions 
( ) ( ) ( ) ( )0 0 0x y x y L z y z y Lu u u u= = = == = = =                (2.24a) 
( ) ( )x y a x y au u− += ==                               (2.24b) 
( ) ( )z y a z y au u− += ==                               (2.24c) 
( ) ( )x xdu duy a y ady dy− += = =                      (2.24d) 
( ) ( )z zdu duy a y ady dy− += = =                      (2.24e) 
Equations (2.22) and (2.23) become 
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The maximum deflection would occur at y = a, where the force is applied. 
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Figure 2.4 Neutral axis for (left) a rectangular beam and (right) an example cross section of a 
rail track and their effects on the moments of inertia.  
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2 2 22 ( )
6x y a zz
F bau L b a
EI L=
= − −                   (2.27) 
( )
2 2 21 ( )
6z y a xx
Fbau L b a
EI L=
−= − −                   (2.28) 
 
Equation (2.17) allows us to compute the strain when the magnitude of the 
applied force is known.  Equations (2.25) and (2.26) allow us to calculate the 
rail displacements.  
 
2.4  Model Fitting for Arbitrary Rail Track Architecture 
 
   The rectangular beam model above can be modified to account for different 
rail track shapes and sizes. Since different shapes will result in different neutral 
axes, we need to modify the equation for moment of inertia, Ixx and Ixz. For 
instance, in Fig 2.4, the neutral axes of the rail track are not located at the 
geometrical center. Therefore when we carry out the integration over area, we will 
end up with different values for the moment of inertia. Other material-related  
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Figure 2.5 Graph comparing the theoretical strain calculated from displacement to the actual 
measured strain using a strain gauge sensor on aluminum beam.  
 
parameters, such as Young’s modulus and Poisson’s ratio, can be substituted in 
directly to calculate the strain. 
 
2.5  Displacement and Strain Relationship Analysis 
 
  To test if the model will give accurate results, we used an aluminum ruler 
beam with a strain gauge attached to give the corresponding strain readings when 
we apply only a static lateral load (by pushing the ruler using a rod) on the 
specimen. The experimental setup can be found in Section 3.3 and the strain 
gauge operating principles can be found in Appendix A. 
  Using Eqs. (2.20) and (2.17) and ignoring F1 components, we first 
back-converted displacement to force. We then calculated the corresponding strain 
for the aluminum metal beam of dimensions (W, L, H) 0.5 cm by 89 cm by 5 cm. 
Figure 2.5 shows the results of the comparison. A displacement of 5 mm 
 22
corresponds to 0.05 nm shift in center wavelength and 50 με for this system. The 
outcome shows that the calculated values are in good agreement with our 
experimental data.  
 
2.6  Summary 
 
   In this chapter, the relationships between strain, force and displacement under 
normal and lateral loading for a rectangular beam have been analyzed. The 
resultant equations can be extended to fit different materials, track sizes and 
shapes when modeling the actual forces. The derived general equations were fitted 
with parameters for an aluminum beam with various applied constant lateral 
forces. The calculated values were then compared with the actual strain readings 
obtained from the strain gauge attached to the aluminum specimen, and they 
showed excellent agreement.  
 
2.7  References 
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CHAPTER 3 
 
FIBER BRAGG GRATING SENSOR WITH A 
BROADBAND ERBIUM-DOPED FIBER AMPLIFIER 
SOURCE AND A NARROWBAND LASER SOURCE 
 
   In this chapter, the system performance and characteristics of a single fiber 
Bragg grating (FBG) sensor system using our laboratory setup are studied, first 
with an erbium-doped fiber amplifier (EDFA) as a broadband light source, then 
with a directly modulated distributed-feedback laser (DFB) light source. This will 
provide a basis for analyzing and quantifying the forces exerted on the specimen 
and for determining the sensitivity of the system. 
 
3.1  Introduction 
 
  Being able to measure the strain applied to the rail track without interrupting 
the rail infrastructure has been investigated for many decades. The most common 
type of sensor used in the field today is piezoelectric sensors [1]. Recent 
developments for monitoring rail activities using FBG sensors include 
temperature sensors for the Qing-Hai railway in China and the railway on the 
Tsing-Ma suspension bridge in Hong Kong [2, 3]. The setups studied in this 
chapter are aimed at assessing the FBG sensor system’s characteristics and 
comparing the stability and sensitivity of piezoelectric sensors (strain gauge) and 
fiber optic sensors (FBG). 
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Figure 3.1 Aluminum specimen with the fiber optical sensors attached at the center before 
and after being bent. 
 
3.2  Single Sensor with an EDFA Broadband Source 
 
   First, we set up the sensor system with an EDFA broadband source to observe 
the sensor taped to the aluminum specimen. The EDFA broadband source provides 
a relatively flat band of wavelengths in the C-band between 1530 nm and  
1565 nm. The aluminum specimen is fixed at both ends and pushed laterally at the 
midpoint (where the sensor is located) as illustrated in Fig. 3.1. The sensor is 
affixed to the aluminum beam with aluminum tape. 
 
3.2.1 System setup  
 
  The EDFA broadband source is coupled into the FBG sensor via a three-port 
optical circulator and then connected to an optical spectrum analyzer (OSA) to 
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output the transmitted spectrum as illustrated in Fig. 3.2. Light will travel from the 
first port of the circulator to the FBG sensor, and the signal of the corresponding 
wavelength to the center wavelength of the sensor will be reflected (with some 
loss dependent on the reflectivity of the grating) and exit from the third port of the 
circulator. As shown in Fig. 3.2, the center wavelength of the sensor red-shifts 
under tensile strain and blue-shifts under compressive strain. Therefore, we can 
quantify the amount of bending/stress of the aluminum beam by measuring the 
amount of wavelength shift.  
  A second experiment carried out using this static measurement setup tested the 
temperature response of the FBG sensor. The temperature range tested was 
between 25 and 35 oC measured with a temperature controller. 
 
3.2.2 Experimental results 
 
  In this section, we discuss the results of the single sensor system using an 
EDFA broadband light source. Figure 3.3 shows the relationship between the 
displacement and the center wavelength shift. The relationship is linear as one 
would expect [4], and a 5 mm displacement of the beam results in a 0.05 nm 
wavelength shift, which is equivalent to approximately 50 με as calculated in 
Chapter 2. For measurement of the temperature effect, it was found that the 
change in center wavelength versus temperature change is 0.094 nm per 10 oC, 
which is in accordance with the typical value quoted in [1] (0.1 nm per 10 oC). 
The experimental result is illustrated in Fig. 3.4. 
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Figure 3.2 The system setup using a broadband source and a single FBG to observe the 
reflected spectrum (modified from [5]). 
 
 
Figure 3.3 Transmission spectrum showing wavelength shifts due to tensile strain on the FBG 
sensor. 
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Figure 3.4 Wavelength shift is plotted as a function of temperature. 
 
3.3  Single Sensor with a Single DFB Laser Source 
 
  One of the major considerations of railway sensor systems is that the cost of 
optical sensors outweighs their benefit over conventional sensors, such as strain 
gauge sensors [3]. Commercially available systems often require an interrogation 
system in combination with broadband sources, and these often add significantly 
to the cost of the system [4]. In this section, we implement a single sensor system 
using a directly modulated DFB laser source (temperature controlled) and a 
photodetector to extract the pattern of the force applied to the aluminum beam. We 
also study the static noise level and sensitivity of FBG sensors in comparison to  
 28
strain gauges. Piezoelectric sensors (strain gauges), as their names suggests, are 
thin metallic foil patterned resistors whose resistances change when the pattern is 
stretched or compressed. They are commonly used in railway sensing applications 
and must be installed only on a well-prepared, polished surface using adhesive 
glues. The strain gauge used for this experiment is in a quarter bridge 
configuration (Wheatstone bridge configuration with three dummy resistors) and 
the output signals are conditioned by a strain gauge conditioner. A fiber optical 
sensor is placed on the opposite side of the strain gauge sensor with the same y-z 
position. A detailed strain gauge setup and surface preparation can be found in 
Appendix A. 
 
3.3.1 System setup 
 
As mentioned above, we would like to minimize the cost of the system while 
maintaining good sensitivity and low noise. This single DFB laser source setup 
with a photodetector eliminates the need for expensive and delicate equipment, 
such as an OSA or a broadband source, and increases the portability of the system. 
We first connect a DFB laser with a center wavelength of around 1547 nm to a 
three-port optical circulator, then we couple it to an FBG sensor of the same 
center wavelength (under no strain). The reflected spectrum is detected by a 
photodiode, and the output is recorded by an oscilloscope through a computerized 
interface (LabVIEW). The system setup diagram and the photograph of the 
laboratory setup can be found in Figs. 3.5 and 3.6, respectively. 
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Figure 3.5 System setup for single DFB laser. 
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Figure 3.6 Photograph of the laboratory setup for discrete DFB laser source configuration. 
Also labeled are the parts of circuitry that will stay in the maintenance room and the parts that 
are to be put on the field tracks. 
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Figure 3.7 Comparison of the static noise levels between strain gauge and FBG sensors.  
 
3.3.2 Static noise level comparison 
 
  Static noise level is recorded when no force is applied to the aluminum beam 
for FBG and strain gauge sensors. As illustrated in Fig. 3.7, the FBG sensor signal 
is visibly cleaner and more stable than that of the strain gauge when the two 
graphs are displayed using the same scale for the vertical (voltage) axis. Ten sets 
of data were taken over 5 s periods and the results were calculated for standard 
deviation as a measure of noise level; the fiber sensor result was 2.09 mV and the 
strain gauge result was 4.95 mV.  Fiber sensor data have less than half of the 
standard deviation and show superior noise performance. 
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3.3.3 Sensitivity comparison 
 
  To compare sensitivities, two tests were performed in the laboratory – a 
random small strain test and a hammer test. In the random small strain test, forces 
are applied in a random fashion by hand. Since the hammer test is designed to test 
the system’s sensitivity to vibrations, forces are applied by hitting the aluminum 
beam using a hammer right above the sensors. The results are shown in Figs. 3.8 
and 3.9. As we can see, the strain gauge (denoted as SG in the figure) shows less 
sensitivity than the FBG sensors. Even more evident in the hammer test are the 
small vibrations towards the end in the strain gauge setup, which are swamped by 
noise while the FBG sensor can detect the small vibration patterns.  
 
3.4  Summary 
 
   In this chapter, the linear relationship of the center wavelength shift for FBG 
sensors due to force and temperature changes in the static system setup using an 
EDFA broadband light source is recorded. Also presented is a low cost system 
using a DFB laser as the light source and a photodiode as the light detector. The 
main advantage of this system is that it eliminates the need for expensive and less 
robust optical equipment and still shows superiority to conventional strain gauge 
systems. Our laboratory tests have shown that the FBG sensor system has more 
stability, less static noise standard deviation and better sensitivity to small strain 
and structural vibrations. 
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Figure 3.8 Sensitivity comparison between strain gauge and FBG sensor systems under 
random small strains. 
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Figure 3.9 Comparison for sensitivity to vibrations between strain gauge and FBG sensor 
systems under hammer hits. 
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CHAPTER 4 
 
CONTROLLED LOAD EXPERIMENT FOR MULTIPLE FIBER 
BRAGG GRATING SENSORS SYSTEM  
 
   In the previous chapter, the behaviors of a single fiber Bragg grating (FBG) 
system were studied. A sensitivity superior to that of a piezoelectric sensor is 
achievable using a low cost and robust fiber sensor system. However, in order to 
attain parallel measurements of vertical and horizontal forces on a rail track, a 
multiple sensor system is needed. Thus, this chapter will detail a design that 
allows cascading more than one sensor. In addition, we will examine the system 
performance of a double-sensor system which has the potential to be expanded 
into a bigger array.  
 
4.1  Introduction 
 
   As stated in Chapter 1, the goal of this project is to measure and to be able to 
distinguish between vertical and lateral forces on a rail track. However, a 
horizontally placed sensor is prone to respond to strain in the vertical and lateral 
directions. Therefore by using two sensors at the same position, a matrix can be 
formed to decompose the force components [1, 2]. There are many sensor 
placement methods, two of which are shown in Fig. 4.1. We can place one sensor 
vertically and one horizontally (top of Fig. 4.1) or place two of them horizontally 
(bottom of Fig. 4.1) with one at the neutral axis to vertical forces. Since we have  
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Neutral Axis to vertical forces
 
Figure 4.1 Rail track sections showing two possible configurations of FBG sensor placement 
to distinguish normal and lateral strain components. 
 
two variables at each position at which we wish to measure the forces, we need a 
system that can handle multiple sensors cascaded together. To get a more realistic 
test condition, we placed the sensors on a section of rail track (44 inches in length) 
and applied a controlled load both laterally and vertically in square and sine wave 
patterns.  
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Figure 4.2 The two-sensor system demonstrating the idea of an expandable multiple sensor 
system. 
 
4.2  Controlled Load Experiment on Rail Track Section 
4.2.1  Experimental setup 
 
   In this experiment, we want to achieve two goals – demonstrate cascading 
FBG sensors that are capable of independent readings and simulate the track 
condition under vertical and horizontal loadings. Figure 4.2 details the system 
setup for cascading two FBG sensors. Two DFB lasers are coupled into a 2 by 1 
optical coupler, then fed to two FBGs of matching center frequencies to the lasers 
via a circulator. Then the reflected single peak will be fed through to the third 
terminal of the circulator and detected by the other photodetector. The reflected 
spectrum, now containing two peaks, is filtered again by another FBG after the 
second circulator. This filtering FBG must have very high reflectivity (~99%) to 
minimize signal cross talk. Also shown in the figure are the output waveforms 
expected at each stage of the system.  
  Before testing using a control load, we verified that the two FBG sensors have 
negligible cross talk. This was based on the laboratory setup (described in  
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Figure 4.3 Rail track with two possible configurations of FBG sensor placement.  
 
Chapter 3) modified to accommodate two sensors on a single optical path but on 
two specimens. We applied different random displacement to both sensors and 
observed for any cross talk. Figure 4.3 shows the waveforms of the two sensors 
with different random loadings within the same time frame. Minimum cross talk 
was observed before testing the controlled load setup. 
  For the controlled load setup, we taped three FBG sensors on a section of real 
rail track and glued three strain gauges at corresponding positions to the FBGs for 
comparison purposes later on. (See Appendix A for details of the principle of 
operation and method of installation for strain gauge sensors.) The controlled load 
is applied by a test frame containing four hydraulic pumps. These pumps can be 
controlled to output square, sawtooth and sine waveforms with magnitudes of 
sub-tons to hundreds of tons. Figure 4.4 is a photograph of the system setup and 
the test frame. A section of cut rail track is fixed to the bottom hydraulic pump 
and the top and left-hand side hydraulic pumps will be used to simulate vertical 
and lateral forces from a train’s wheel to the track. A zoomed in drawing of the  
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Figure 4.4 Controlled load testing frame with hydraulic pump controllers, the optical and 
electrical sensors on sectioned rail track and the driving and detection system peripheral 
circuitry.  
 
rail fixture setup is in Fig. 4.5. The rail is held in position by metal clamps on both 
sides; the vertical hydraulic pump acts as the train load and the lateral hydraulic 
pump serves as a simulated train wheel rocking and hitting the track periodically. 
 
4.2.2 Position dependent measurement 
 
   The position dependency information is useful in railway activity sensing 
because it will help us in deciding the distance between sensors to correctly 
interpret forces exerted by each wheel on the track. First, we measured the 
position dependence of the magnitude decay of the FBG response to where the 
force was applied using a single sensor setup described in Chapter 3. We applied 
square wave (25 tons in magnitude and at 2 s intervals) forces vertically at two 
 39
 
Figure 4.5 Close-up view of the rail fixture and the force actuators and how they assimilate 
the wheel/train loading on a real rail track.  
 
positions on the rail: directly on top of the sensor and 7 inches away. As displayed 
in Fig. 4.6, we found that at 7 inches away from the position of applied force, the 
output has decayed to one third of the original.  
  Then with the two-sensor system depicted in Fig. 4.2, we connected two FBG 
sensors in series with their center wavelengths of 1547 nm and 1550 nm. A 40 ton 
(ton denoted as T in figures hereafter) vertical square wave was applied and, as 
shown in Fig. 4.7, the two sensors display negligible cross talk. The FBG sensors’ 
center wavelengths were chosen carefully for this experiment to fall on different 
edges of the DFB lasing spectrum. This is the reason why, in Fig. 4.7, the square 
waves seem to show tensile strain on one and compressive strain on the other 
sensor, while in fact those waves both represent tensile strain when force is 
applied. One sensor output is designed to increase when compressive force is  
 40
 
Figure 4.6 Rail track with two possible configurations of FBG sensor placement.  
 
 
Figure 4.7 Rail track with two possible configurations of FBG sensor placement.  
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Figure 4.8 Time domain oscilloscope reading for various controlled normal loads on FBG 
sensors (left) and a quarter bridge strain gauge sensor (right).  
 
experienced, and the other is designed to increase with compressive force 
application. 
 
4.2.3 Sensitivity analysis for vertical load impact 
 
   Similarly to the experiments described in Chapter 3, we analyzed the 
sensitivity of this system compared to conventional strain gauges under controlled 
load conditions. Periodic square waves of varying magnitude were applied 
vertically on top of the sensors at 2 s intervals. The magnitudes of forces applied 
varied from 15 tons to 0.5 tons, and the results are recorded and displayed in  
Fig. 4.8.  
  The plots in Fig. 4.8 have an arbitrary unit (A.U.) label for the y-axis because 
data have been shifted up and down (but magnitude were not altered) for display 
purposes. In accordance with the hammer test described in Section 3.2, 
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waveforms on the left graph in Fig. 4.8 show that the FBG sensor can detect the 
ringing oscillation resulting from the metal fixture hitting the steel rail track.  
Figure 4.8 also shows a magnified view of the output waveforms for weight forces 
of 2 ton to 0.5 ton. It is clear that for FBG, 2 ton square waveforms can be easily 
distinguished while strain gauge readings show no periodic structure. It can 
therefore be concluded that FBG has better sensitivity than the strain gauges under 
a vertical loading of 2 tons.  
 
4.2.4 Sensitivity analysis for lateral load impact  
 
   A similar test was performed for laterally controlled loading. Both the strain 
gauge sensor and FBG sensor are placed vertically on the top portion of the rail as 
shown in the bottom part of Fig. 4.9. This is because bending is expected to occur 
in the –z direction (downward) and we like to keep either above or below the 
neutral axis to avoid cancellation of strain due to compression and tensile forces.  
  The result of applying a periodic square wave of magnitude 0.1 ton to 0.8 ton 
is also displayed in Fig. 4.9. Under this frame setup, 0.8 ton was the maximum 
lateral force we could implement in order to avoid damaging the bottom hydraulic 
pump. Compared to the clean square wave signals in the previous section, the 
waveforms look rounded for both FBG and strain gauge sensors. It was observed 
during data recording time that the physical movement of the rail under lateral 
load sitting on a hydraulic pump is not as “clean-cut” as we would expect of the 
controlled loading square waves. Therefore, the rounded edges of the sensors’ 
output waveforms are expected and do represent the force pattern acting on the 
rail. From the graph, we can see that the FBG sensor has significantly better  
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Figure 4.9 (Top) Time domain oscilloscope showing different sensor output values for 
various lateral loads. (Bottom) FBG and strain gauge sensors placed vertically on the top 
section of the rail track. 
 
sensitivity for down to 0.1 ton compared to the strain gauge sensor that loses its 
resolution at around 0.5 ton of lateral loading.  
  To further compare the two sensors, sine waves of 0.2 and 0.4 tons were put 
on the track and the results are displayed in Fig. 4.10. Again, the FBG sensor 
displayed superior strain resolution while the strain gauge sensors barely showed 
a sinusoidal waveform with 0.4 ton of lateral loading. 
 
4.2.5 Simultaneous vertical and lateral load impacts 
 
  In this section, we want to show the ability of our sensors to detect lateral and 
vertical forces simultaneously. To see this effectively, we applied a square wave in 
the vertical direction at 1 Hz and sawtooth waveforms in the lateral direction with 
varying frequencies. Figure 4.11 records the strain sensor output waveforms 
obtained for 1 Hz square waveform vertical loading only, and that in combination 
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Figure 4.10 Time domain oscilloscope image for different numbers of loops. The two signal 
traces illustrate different input signal power.  
 
 
 
Figure 4.11 Time domain oscilloscope reading of (bottom) vertical loading only and (middle 
and bottom) vertical and lateral loading simultaneously applied.  
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with a sawtooth lateral load at 0.3 Hz and 0.4 Hz. The FBG sensor system has the 
ability to detect and distinguish both lateral and normal forces. 
  This is useful because – for instance for the sensor configuration at the bottom 
of Fig. 4.1, where the purpose of the sensor on the neutral axis is only to detect 
lateral loading – it is important to have the other sensor to detect both forces so 
they may be subtracted to quantify the strains separately. 
 
4.3  Summary    
 
  In summary, the multiple sensor system implemented can detect forces 
independently with negligible cross talk between sensors. From the position 
dependent measurements, we learned that with 7 inches of separation, strain 
detected by the sensor reduces to one third of its original value; with 20 inches of 
spacing, it is reduced to one seventh. We showed that our FBGs have superior 
performance compared to conventional quarter bridge strain gauge sensors and 
can detect as little as 1 ton of vertical loading and 0.1 ton of lateral loading. It was 
also shown that a single FBG sensor can detect and distinguish both lateral and 
normal strain components.  
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CHAPTER 5 
 
CONCLUSION 
 
   A theoretical analysis of the relationship between strain, force and 
displacement under vertical and horizontal loading for a rectangular beam was 
performed and the results were in excellent agreement with experimental strain 
measurement data. The analysis can be extended to more complicated geometric 
rail shapes, materials and sizes. Furthermore, a low cost system using a single 
DFB laser as the light source with a single FBG sensor was designed and 
implemented, which shows superior noise and sensitivity performance compared 
to conventional strain gauge systems.  
  The design was then extended to a multiple sensor system with negligible 
cross talk between sensors. Tested on a section of real trail track in a controlled 
load frame, two sensors placed 20 inches apart (one right at the position of force 
application) showed a decay in strain reading to one seventh of a sensor right at 
the position of force application. Likewise, the experimental data showed that a 
single FBG sensor can detect and distinguish both lateral and normal strains. The 
double-FBG sensor system shows superior sensitivity compared to the 
piezoelectric sensor, and can detect as little as 1 ton of vertical loading and 0.1 ton 
of lateral load (compared to 3 ton and 0.5 ton, respectively, for strain gauges).  
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APPENDIX A 
 
STRAIN GAUGE PRINCIPLES OF OPERATION AND 
INSTALLATION METHOD 
 
   We will briefly cover the principles of operation for conventional strain gages 
and detail the system setup and surface preparation required for installing these 
sensors on a metallic surface. This system is used as a benchmark for comparison 
to the optical FBG sensors. 
 
A.1  Principles of Operation for Strain Gauges 
 
  Being able to measure the stress and strain applied to the rail track without 
interrupting the rail infrastructure has been a topic of study for many decades. 
Sensors that attach to the surface of the rail are apposite for this application. The 
most common type of sensor used in the field today is strain gauges. Strain gauges 
are made from patterned thin metallic foils that have backing insulating material. 
Methods of attachment include gluing and welding. Thus when the object glued to 
is deformed (under tension), the metallic wires will be elongated and the electrical 
resistance will increase. Conversely, under compression strain, the electrical 
resistance will decrease and the amount of reduction in resistance depends on the 
amount of deformation.  
  The most commonly used configuration for measuring this resistance change 
is the Wheatstone bridge design illustrated by Fig. A.1. This configuration consists  
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Figure A.1 Wheatstone bridge configuration used for strain measurement using piezoelectric 
sensors. (Bottom) Strain gauge sensor with mount and soldered wires (modified from [1]).  
 
of four resistors and a single voltage input across terminals A and C, and the 
output voltage is measured across terminals B and D. The gauge factor is defined 
as  
R
RK L
L
Δ
= Δ      (A.1) 
where ΔR is the resistance change due to tension/compression force, R is the 
original gauge resistance, ΔL the change of length due to external force and L is 
the original gauge length. For the quarter-bridge configuration we use for this 
experiment, we fix three resistances R1 = R2 = R3 = R and the gauge resistance 
RSG is the only variable. When a voltage, Vin, is applied across A and C and all the 
resistances are the same, it can be written as  
1
2 2 4 4
SG SG
out in in in
SG
R R R KRV V V V
R R R R
ε⎛ ⎞+ Δ Δ= − ≈ =⎜ ⎟+ Δ⎝ ⎠      (A.2) 
where 1ε  is the strain of the strain gauge.  
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A.2  System Setup and Sensor Installation 
 
  In order to measure and calculate the strain values for an attached strain gauge 
sensor, we need to use a strain gauge signal conditioner. The signal conditioner 
(Vishay 2210 series) was connected for use for the quarter configuration (three 
internal dummy resistors across the bridge) and set to output 1000 με for every  
1 V. The gauge factor of the strain gauges used was 2.105.  
  The purpose of surface conditioning is to achieve a chemically clean surface 
before installing the strain gauges on the aluminum beam or the rail track. First, 
we degreased the surface using CSM degreaser. The surface was then dry-abraded 
using 320-grit silicon carbide paper, thoroughly wetted with M-Prep Conditioner 
A and dried with a gauge sponge. This abrading process was repeated with 
400-grit silicon carbide paper and dried slowly with a gauge sponge. This step 
turned out to be a timely process for polishing the rail as we want to attain a flat 
and smooth surface for correct strain measurement. Finally, the surface was 
scrubbed using a cotton bud with M-Prep Neutralizer 5A. 
  The next step was to attach the strain gauge. We first taped the insulating 
back-side of the strain gauge to the installation tape. Then the gauge was carefully 
positioned and glued to the aluminum surface using M-Bond 200 adhesive liquid. 
The details of the steps for this are described in [2]. After completion of the 
attachment process, we soldered copper wires for electrical connections from the 
strain gauge to a solder pad and then we soldered three electrical wires to the other 
side of the solder pad. The result is illustrated in Fig. A.2.  
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Figure A.2 Aluminum specimen with strain gauge sensors attached. (Inset) Close-up 
illustration of the strain gauge wire connections.  
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